A long-wavelength infrared (IR) photodetector based on two-dimensional materials working at room temperature would have wide applications in many aspects in remote sensing, thermal imaging, biomedical optics, and medical imaging.
Commercial widely used LWIR photodetectors with 5-20 nm wavelength operating at room temperature based on VOx and α-Si possess many advantages such as compatibility with mass production, low price, and facile fabrication processes. However, their low sensitivity, short detection wavelength range and low response speed restrict their application. 2 Recently, the discovery of graphene, a two-dimensional layered material, has offered an opportunity to overcome some of these issues. In previous studies, LWIR photodetectors based on a graphene nanoribbon, 3 graphene quantum dot-like arrays 4 and a graphene heterostructure 5 have been demonstrated. Generally, the photoresponsivity has been low, approximately 7.5
μA W -1 in the graphene nanoribbon, due to the limited light absorption of 2.3% in an atomic thin layer, 6 and a high dark current due to the gapless band structure. Although strategies such as surface plasma enhanced light absorption 7 and carrier multiplication [8] [9] [10] have been adopted to enhance the photoresponsivity of graphene photodetectors, the photoresponsivity is still relatively low at several tens of mA W -1 .
A photoresponsivity of up to 0.4 AW -1 at 10.6 μm was demonstrated by etching graphene to form quantum-dot-like arrays. 4 The resulting high responsivity was 3 obtained at the cost of long response time. Notably, high-performance mid-IR detectors based on black phosphorus (b-P) 11, 12 were demonstrated due to its narrow bandgap of~0.3 eV. 13, 14 Up to now, the operating spectral range of b-P photodetectors has been tuned to 7.7 μm based on a vertical electric field b-P device. 15 Notably, recently discovered black arsenic phosphorus (b-AsP), with the fraction of As increased to 83%, shows that the bandgap can be narrowed to~0.15 eV. 16 Ultrabroadband photodetection based on a b-As0.83P0.17 phototransistor 17 covering the spectral range of~8-14 μm (which extends to the second atmospheric transmission window) was demonstrated. The peak responsivity was as high as 17 AW -1 , and the cutoff wavelength reached 4.6 μm by using a b-AsP alloy-based device. 18 The current record of LWIR (~10 μm) photoresponsivity of~4.5 AW -1 was demonstrated based on platinum diselenide. 19 Broadband IR detection was also recently demonstrated for PtSe2, 20 in addition to graphene and BP. However, black phosphorus is air sensitive. [21] [22] [23] The device fabrication process has to be carried out in a glove box filled with high-purity inert gas, and the device measurements must be conducted in a sealed environment or carried out in the vacuum. We summarize the performance of the LWIR photodetector in the supplementary material for those two-dimensional materials and conventional III-V and II-VI and HgCdTe materials in Table 1 .
Layered materials with high infrared light absorption, high carrier mobility, and satisfactory stability have yet to be discovered. 
RESULTS AND DISCUSSION
The PdSe2 layered material has been previously predicted to have excellent optoelectronics properties such as an extraordinarily high carrier mobility, 26 , 30 large bandgap tenability from bulk to monolayer, 24 strong interlayer coupling and a narrow bandgap. 24, 25, 33 The crystalline structure of PdSe2 is a pentagonal structure that is stable for only a few 2D materials. 34 Figure 1a shows a sketch of the PdSe2 crystal structure in top view (top) and side view (bottom). The unit cell of bulk PdSe2 is an orthorhombic structure with the space group Pbca (no. 61) and D2h point group symmetry. 26, 35, 36 Relative to well-studied layered TMDs, the best difference is that one palladium atom is coordinated with four selenium atoms, unlike the six coordinated transition metal atoms in typical 1T and 2H structures.
We calculated the electron band structure of bulk and few-layer PdSe2 initially by ab initio calculation. Figure S1 presents the band structure of monolayer, bilayer, trilayer and bulk PdSe2. For the bulk form, the valence band maximum (VBM) is situated at the high-symmetry Γ (0, 0, 0) point, while the conduction band minimum (CBM) is situated between the S (0.5, 0.5, 0) and Y (0, 0.5, 0) points, exhibiting a 0.05 eV indirect bandgap. This result is consistent with previously reported results of~0.03 eV. 25, 30 For the band structures of the monolayer and bilayer materials, the calculated results indicate indirect band gaps of~1.23 eV and 0.85 eV, respectively, which is different from that of other widely studied TMDs exhibiting an indirect-to-direct band structure transition as the layer number transitions from bilayer to monolayer. 37 The multilayer PdSe2 with a narrow bandgap less than 0.1 eV is a promising candidate for long-wavelength infrared photodetection. (213), (400) and (006) planes, respectively. The peak intensity of (002) and (006) The electrical transport properties of few-layer PdSe2 FETs were investigated.
The device was fabricated by a conventional electron-beam lithography process. This treatment can enhance the sample quality by driving off the surface absorbed states 25 and repairing defects that originate from sample exfoliation and device 7 fabrication. A p-type transport behavior was also achieved according to the transfer characteristic curves (see Fig. S3a ). Moreover, we also used Pd/Au as a contact to obtain p-doping PdSe2 to study the performance of PdSe2 phototransistor. 40 Pd/Au as contact electrodes, a higher Schottky barrier was formed which can depress the dark current. The large contact resistance also decreased the photoresponse due to the inefficiency photocarrier collection.
To investigate the spectral photoresponse of PdSe2 in the long-wavelength infrared spectral range, we measured the optical absorption spectrum (see The spot size of the laser is~3 mm in diameter, which is much larger than our device's channel length of~10 μm. Thus, the devices were fully illuminated. The photocurrent under laser illumination was detectably larger than that under dark conditions. The optical image of the measured PdSe2 phototransistor is presented in the inset of Fig. 3a . To further evaluate the photoresponse in the LWIR range, the time-resolved photoresponse at 1 V bias under switched illumination was measured.
With illumination, the photocurrent increases sharply and saturates. Three cycles were measured as shown in the inset of Fig. 3b . The highly repeatable photocurrent generation reveals that the photoresponse of our devices is reversible and stable. We extracted the photoresponsivity (R), one of the crucial parameters of a photodetector, defined as R = IP / PI, where IP is the photocurrent and PI is the incident light power. The output curve in an illuminated condition is much higher than that in a dark condition (see Fig. S5c ), which indicates that a large photocurrent is generated when the illumination is present. We also measured the power-dependent photoresponsivity from 2.7 μm to 10.6 μm (see Fig. S5d ). Notably, the illumination power dependence of the transfer curve is a typical characteristic of the photogating effect. 41, 42 To examine the sensitivity of PdSe2 phototransistors, we measured the current-noise density spectra at Vds = 1 V. The noise spectra of the PdSe2 phototransistor at 1 V bias are shown in Fig. S5f . At the low-frequency point, 1/f noise dominates the noise current contribution. The low-frequency flicker noise originates from the fluctuation of carriers being trapped and de-trapped by defects and disorder, 43 which exist widely in 2D materials. 44, 45 We then calculated another important figure of merit, the noise equivalent power (NEP), which is related to the sensitivity of a photodetector. The NEP is defined as in / R, where in is the measured 10 noise current. The NEP of the PdSe2 phototransistor at the full range from 0.45 μm to 10.6 μm is lower than 0.28 pW Hz -1/2 as shown in Fig. 3d . The specific detectivity, D*, which is used to evaluate the sensitivity of a photodetector, is the minimum signal power that a photodetector can distinguish from noise. The wavelength-dependent specific detectivities D* are plotted in Fig. 3d . Notably, at 10.6 μm, D* is as high as 1.1010 9 Jones. These values are well beyond the current records of 2D-based LWIR photodetectors at room temperature 46 and even better than that of RT-operated HgCdTe, PbSe, and InSb photoelectromagnetic (PEM) detectors and commercial thermistor bolometers.
The high dark noise current density remains a major limitation for narrow-bandgap-semiconductor and semimetal-based photodetectors. Note that the PdSe2 FET device shows weak p-type conduction (see Fig. S3a ). The p-n junctions could be fabricated by stacking weak p-type PdSe2 with other n-type 2D layered materials to suppress the dark current. Here, the widely used strategy to suppress the dark current noise by fabricating a 2D van der Waals (vdW) heterostructure was adopted. The built-in electrical field at the junction can significantly reduce the dark noise current. The PdSe2 material shows a weak p-type semiconductor property. We and graphene thermopiles (~8  10 8 Jones) 46 and even better than that of uncooled HgCdTe (295 K, peak~4  10 8 Jones) 51 InSb, PbSe and commercial thermistor bolometers. At the MWIR range, the detectivity is on par with the b-AsP-MoS2
heterostructure. 17 Moreover, the PdSe2 sample is very stable in ambient air. All measurements were carried out in ambient air. We also measured the Raman spectrum of PdSe2 and the Raman and PL spectra of MoS2 using a typical PdSe2-MoS2 heterostructure device that was exposed in are more 6 months (see Fig.   S9a ). The high quality of the Raman spectrum (see Fig. S9b ) further confirms the stability of the PdSe2 sample. The Raman spectra of the MoS2 and PL devices indicate that the MoS2 used in the device is a multilayer MoS2 sheet (see Fig. S9c and S9d).
We also use Pd/Au (5 nm/ 50 nm) and Cr/Au (5 nm/ 50 nm) as a contact. Good
Ohmic contact is only obtained by using Ti/Au (5 nm/ 50 nm) as contact electrodes (see Fig. S10 ).
CONCLUSION
In summary, high-quality, narrow-bandgap and air-stable single-crystal PdSe2 was obtained by the self-flux method. A photoresponsivity of up to 42. 
METHODS

Materials synthesis
The PdSe2 and then held at that temperature for 5 h to complete the full reaction. Subsequently, the furnace was heated to 1050°C within 2 h, and this temperature was held for 20 h before the furnace was switched off. The obtained PdSe2 powder was mixed with Se power in a mass ratio of PdSe2: Se =1: 4. The mixed powder was then resealed in an evacuated quartz tube, and the sample was placed in a box furnace that was slowly heated to 850°C, held at that temperature for 70 h, and then slowly cooled down to 450°C at a rate of 2°C h -1 . Finally, the furnace was switched off, and the sample was allowed to cool to room temperature.
Device fabrication and measurements
Multilayer PdSe2 samples were obtained by using a standard mechanical exfoliation method. Single-crystal PdSe2 was exfoliated on SiO2/Si substrates. The thickness of the PdSe2 flakes was measured using an atomic force microscope (Bruker Multimode 8 heterostructures were fabricated using a 'PDMS transfer' technique in ambient air.
The metal electrodes (5 nm Ti/ 50 nm Au) were fabricated using an electron-beam lithography process followed by an electron-beam evaporation process.
The electrical transport behavior and photoresponsivity were characterized in ambient air. A highly sensitive Keithley 2636B dual channel digital source meter was used for applying the bias and gate voltages. A commercial CO2 laser source ( = 10.6 μm) was used as a long-wavelength infrared light source during the photoresponse measurements. The spot size across the spectrum ranging from 2.7 μm to 10.6 μm was 3 mm in diameter. The lasers were focused by a 20× objective lens over the visible to short wavelength infrared range (450 nm to 940 nm). Noise current density spectra at various bias voltages were measured in a thoroughly shielded box in ambient air.
The data were acquired using a spectrum analyzer (SR770) with a 100 kHz measuring bandwidth. HRTEM analysis was carried out on a JEM2100F with an acceleration voltage of 200 kV. To avoid damage to the PdSe2 samples, the e-beam was carefully defocused.
DFT Calculations
The PdSe2 band structure calculations were performed using the density-functional theory (DFT) with the Vienna ab initio simulation package (VASP). 52, 53 The projector augmented wave method (PAW) was used to describe the electron-ion interaction. The kinetic energy cutoff for the plane waves was set to 400 eV with an energy precision of 10 -5 eV. The electron exchange-correlation function was addressed using a generalized gradient approximation (GGA) in the form proposed by Perdew, Burke, and Ernzerhof (PBE). 54 Van der Waals (vdW) interactions between the PdSe2 layers were considered using the vdW density functional method optPBE-vdW. 55 The GGA+U approach was employed in the calculations of the structural and electronic
properties. Values for the U and J parameters are chosen as U = 3.94 eV and J = 0.59 eV, respectively. 56 Both atomic positions and lattice vectors were fully optimized using the conjugate gradient algorithm until the maximum atomic forces were less 
